Bow shock perturbations in a Mach 5 air flow, produced by low-temperature, nanosecond pulse, and surface dielectric barrier discharge (DBD), are detected by phase-locked schlieren imaging. A diffuse nanosecond pulse discharge is generated in a DBD plasma actuator on a surface of a cylinder model placed in air flow in a small scale blow-down supersonic wind tunnel. Discharge energy coupled to the actuator is 7.3-7.8 mJ/pulse. Plasma temperature inferred from nitrogen emission spectra is a few tens of degrees higher than flow stagnation temperature, T ¼ 340 6 30 K. Phase-locked Schlieren images are used to detect compression waves generated by individual nanosecond discharge pulses near the actuator surface. The compression wave propagates upstream toward the baseline bow shock standing in front of the cylinder model. Interaction of the compression wave and the bow shock causes its displacement in the upstream direction, increasing shock stand-off distance by up to 25%. The compression wave speed behind the bow shock and the perturbed bow shock velocity are inferred from the Schlieren images. The effect of compression waves generated by nanosecond discharge pulses on shock stand-off distance is demonstrated in a single-pulse regime (at pulse repetition rates of a few hundred Hz) and in a quasi-continuous mode (using a two-pulse sequence at a pulse repetition rate of 100 kHz). The results demonstrate feasibility of hypersonic flow control by low-temperature, repetitive nanosecond pulse discharges.
I. INTRODUCTION
Plasmas generated in surface dielectric barrier discharge (DBD) flow actuators have been extensively studied over the last decade, both experimentally and computationally (see Refs. 1, 2 and references therein). Typically, DBD plasma actuators are driven by high-voltage, sine wave AC waveforms, with frequencies ranging from a few kHz to a few tens of kHz. In some cases, a DC bias or a series of short (nanosecond duration) pulses have been added to the AC waveform to improve the actuator performance. 3 The dominant mechanism of AC DBD actuator effect of the flow, i.e., near-wall flow entrainment by ions accelerated in a space charge region of the plasma (electrohydrodynamic, or EHD flow acceleration), appears to be well understood. 1, 2 Compared to the Coulomb force interaction, the effect of Joule heating in surface DBD actuators driven by AC voltage waveforms appears insignificant in a wide range of operating conditions.
One of the most critical issues of surface DBD plasma flow control technology is maintaining the actuator performance and achieving flow control authority at high flow velocities. The main limitation on the use of EHD acceleration for high-speed flow control is sustaining high space charge density and high electric field in the discharge (primarily in near-electrode and/or streamer head regions). For the EHD effect to be significant, the ratio of the Coulomb force work to the flow kinetic energy (the EHD interaction parameter) should be of the order of unity. 4 For typical values of electron/ ion number densities and potential difference across a space charge region achieved in atmospheric pressure surface discharges, n e $ n i $ 10 10 -10 12 cm
À3
, and Du $ 1 kV, respectively, significant EHD effect on the flow can be achieved at free stream flow velocities of u 1 $ 1-10 m/s. Further electron/ion density and electric field increase in the glow discharge plasma is severely limited by ionization instability development. As a result, the use of EHD acceleration for high-speed flow control, at flow velocities of a few hundred m/s, is problematic. However, recent experiments on highspeed airfoil flow control using DBD plasma actuators powered by a series of high-voltage, nanosecond duration pulses demonstrate flow reattachment at much higher velocities, up to M ¼ 0.85 (Ref. 5) . In Ref. 5 , it has been suggested that in this case the dominant effect of the plasma on the flow is caused by rapid localized heat generation in the actuator, rather than by EHD flow acceleration. Indeed, shock waves generated in quiescent air by localized heating in the nanosecond pulse discharge in the DBD actuator were detected in Refs. 5 and 6. If confirmed, this mechanism would be consistent with the high-speed flow control mechanism used in repetitively pulsed localized arc filament plasma actuators (LAFPA) (Refs. [7] [8] [9] [10] [11] [12] . The main idea of this approach is forcing the flow with a high amplitude, high bandwidth perturbation, at a frequency approaching one of flow instability frequencies, thus triggering their subsequent growth in the flow. Previous studies of flow control using LAFPA actuators in atmospheric pressure jet flows (M ¼ 0.9-2.0) (Refs. 7-12) demonstrated significant localized heating 8 and repetitive shock wave formation by the plasma, 11 similar to shock waves produced by nanosecond pulse DBD plasma actuators. LAFPA actuators also generate large-scale coherent structures in the flow 9, 10, 12 and result in significant mixing enhancement. Note that at the same forcing frequency (discharge pulse repetition rate), the effect of LAFPA actuators on the flow actually becomes more pronounced at lower duty cycles, i.e., at shorter pulse durations. 13 This, as well as the fact that energy coupled to the plasma during breakdown ($10 ns long) and during steady-state actuator operation ($10 ls long) are comparable, 12 suggests that rapid localized heating produced by the nanosecond duration breakdown pulse is primarily responsible for flow forcing. In other words, flow forcing in LAFPA and nanosecond pulse DBD actuators may well occur on the same time scale, and the mechanisms of flow control for both types of actuators may be qualitatively similar. Further evidence of this has been obtained during our recent studies of high-speed airfoil flow control using nanosecond pulse DBD plasma actuators, 14, 15 which demonstrated generation of large-scale structures (spanwise vortices) similar to those detected in experiments using LAFPA actuators in jet flows.
Using nanosecond pulse DBD actuators to control flow field over supersonic vehicles (such as a bow shock in front of a blunt body, oblique shocks in compression inlets, or boundary layer stability) would considerably extend applicability of this flow control technology. Bow shock control in supersonic flows (M ¼ 2-10) has been demonstrated previously using various flow perturbation methods, such as pulsed DC arc discharges, 16 pulsed microwave discharges, 17 and laser optical breakdown, 18, 19 including recent work at high laser pulse repetition rates. 19 In all these approaches, the effect on the flow is purely thermal and is due to localized heating of the flow upstream of the bow shock up to high temperatures, by the discharge or by the laser pulse. The objectives of these methods are wave drag and surface heat transfer reduction due to bow shock shape modification and shock stand-off distance increase. The main difference of the present approach from supersonic flow control using high-power lasers and electric discharges is that the flow field is modified by rapid localized energy coupling (on submicrosecond time scale) in a low-temperature, nanosecond pulse, surface discharge plasma operated at a high pulse repetition rate, with subsequent compression wave formation. Generally speaking, the effectiveness of heat load mitigation using surface discharges may well be reduced by additional heat generation on the surface. However, bow shock standoff distance increase by repetitive nanosecond pulse DBD discharge would demonstrate its ability to generate high-amplitude, high bandwidth forcing in supersonic flows.
The objective of the present paper is to demonstrate significant hypersonic flow control authority by a nanosecond pulse surface DBD actuator placed on a cylinder model, to characterize the DBD discharge plasma, and to quantify actuator performance.
II. EXPERIMENTAL
The schematic of a small-scale Mach 5 wind tunnel, discussed in greater detail in our previous work 20, 21 is shown in Fig. 1 . The wind tunnel operates using dry air supplied from high-pressure cylinders, at plenum pressures of P 0 ¼ 0. A quartz cylinder model/DBD actuator, 4 cm long, 6 mm outer diameter, and 4 mm inner diameter, shown schematically in Fig. 2 is mounted in the center of the supersonic test section, as shown in Fig. 1 . The model is located 14.5 cm downstream of the throat (3.5 cm downstream of the end of nozzle contour), where the flow cross sectional area is 4 cm Â 4.6 cm. The ends of the model are embedded in the optical access windows in the side walls of the test section. One of the actuator electrodes is a 1 cm long, 1/8 00 diameter copper tube, placed inside the quartz tube, as shown in Fig. 2 , and soldered to an insulated wire lead passing through a 4 mm diameter port in the window. To prevent corona discharge formation, the clearance between the wire lead and the window port as well as the remaining space inside the quartz tube model are filled with a self-hardening silicone rubber. The second electrode is a strip of adhesive copper tape, 2 mm wide and 12 mm long, attached to the outside surface of the quartz tube model, as shown in Fig. 2 . The two electrodes overlap over a distance of 10 mm in the inviscid core of the supersonic flow channel, as shown in Fig. 2 , to prevent discharge propagation toward the side wall boundary layers. Also, to prevent plasma concentration near the ends of the exposed strip electrode, they are both covered with a 60 lm thick Kapton tape. The strip electrode extends downstream of the cylinder model and is connected to another insulated wire lead inserted into the supersonic test section through a wall pressure tap approximately 5 cm downstream of the model. Two different arrangements of the exposed strip electrode in the flow, used in the present study, are shown in Fig.  3 . In the first configuration, "actuator A," the edge of the electrode is aligned with the flow stagnation point. In the other configuration, "actuator B," the center line of the electrode is placed at the stagnation point. In both cases, the line of contact between the inner surface of the quartz tube and the immersed copper electrode is aligned with the flow stagnation line. The two actuator electrode leads are connected to positive and negative polarity coaxial transmission lines of a nanosecond pulse generator (FID GmbH, FPG 60-100MC4), generating high peak voltage (up to 32 kV), short duration (5 ns) pulses at a pulse repetition rate up to 100 kHz.
The nanosecond pulse voltage and current are measured using custom-designed, short response time capacitive voltage probes and shunt current probe. The nominal pulse peak voltage between the ends of the positive and the negative polarity transmission lines of the nanosecond pulse generator is 32 kV for impedance matched resistive load (þ16 kV and À16 kV, respectively), and 64 kV for open load (þ32 kV and À32 kV, respectively). Therefore measuring pulse peak voltage using an oscilloscope (Lecroy Wavepro 7100A, 1 GHz bandwidth, peak input voltage of $10 V) requires common mode voltage rejection rate (CMRR) of at least 70 dB at 100 MHz. For this, we used two capacitive voltage probes shown schematically in Fig. 4 , with feed-through capacitors forming extensions of the pulse generator transmission lines. Both probes are connected to common ground at the probe location, and the probe signals are attenuated and transmitted to the oscilloscope via ferrite encapsulated coaxial cables 2 m long, as shown in Fig. 4 . The stray capacitance of the voltage probes is approximately 1 pF. The probes are calibrated using a rectangular voltage pulse of known amplitude, rise time, and fall time, as discussed in greater detail in our previous work. 23 The pulse peak voltage is obtained by subtracting the post-processed waveforms measured by the two probes. The current shunt probe is isolated from the current flowing through the transmission line extension by a 1:1 transformer, as shown in Fig. 4 . The current probe measures a voltage drop on radially arranged shunt resistors connected in parallel, with the total resistance of 0.5 X. The current and voltage measurement location is approximately 15 cm from the end of the transmission lines and approximately 30 cm from the load (plasma actuator). The product of voltage and current is the instantaneous power, and the integral of the power yields the pulse energy coupled to the load.
The effect of a nanosecond pulse surface DBD discharge between the actuator electrodes on the supersonic flow field was detected using a custom-built phase-locked schlieren system, shown schematically in Fig. 5 . The light source used is a pulsed 5 W green light emitting diode (LED), controlled by a custom made drive circuit and synchronized with the pulsed plasma generator. The time delay between the discharge pulse and the LED pulse was varied from 0 to 30 ls, with the LED pulse duration set to 300 ns. Figure 6 illustrates timing between the discharge current pulse and the LED emission pulse with a 3 ls time delay. Phase-locked Schlieren images were accumulated continuously over 
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Mach 5 bow shock control Phys. Fluids 23, 066101 (2011) 40-60 discharge pulses, using a CMOS camera (Thorlab DCC1545) operating at 4 frames per second (camera exposure time 160-240 ms). An iris with a pinhole diameter set slightly larger than the focused LED beam diameter was placed behind the knife edge to discriminate the discharge emission. Nanosecond pulse DBD plasma images were taken with a PI-MAX ICCD camera with a UV lens (f ¼ 100 mm, Thorlabs), using a 2 ls gate. Translational/rotational temperature in the plasma was inferred from UV/visible emission spectra (nitrogen second positive band system). The emission spectra were taken using an optical multichannel analyzer with a Spectra Physics 0.25 m monochromator (50 lm slit, 2400 g/ mm grating), PIXIS 256E 1024Â256 pixel CCD array camera, and a Thor Labs 5 m long AFS fiber optic link, providing spectral resolution of about 0.1 nm. Figure 7 shows a photograph of a repetitive nanosecond pulse discharge sustained on the surface of a 6 mm diameter cylinder model in a Mach 5 flow of dry air at plenum pressure of P 0 ¼ 370 Torr and pulse repetition rate of ¼ 200 Hz. The discharge emission occupies the central part of the model span approximately 1 cm wide. At all conditions tested, the plasma always appears diffuse and stable, with no sign of filaments. This is confirmed by ICCD images of the plasma. Figure 8 shows an ICCD image of nanosecond pulse surface dielectric barrier discharge plasma sustained in a Mach 5 air flow over the 6 mm diameter cylinder model in the test section. The image is taken in a dry air flow at stagnation pressure of P 0 ¼ 370 Torr, at a pulse repetition rate of 200 Hz, and camera gate of 2 ls. The positive polarity voltage pulse is applied to the exposed electrode attached to the upstream side of the model, while the negative polarity voltage pulse is applied to the immersed electrode inside the quartz tube. It can be seen that the discharge appears diffuse and fairly uniform, without well-defined filaments, with somewhat stronger emission near the ends of the exposed electrodes. As expected, discharge emission in the spanwise direction, 12 mm wide, is primarily controlled by the overlap between the immersed and the exposed electrodes (10 mm) and is confined between the Kapton tape covering both edges of the exposed electrode. Discharge emission extends over approximately 0.5 mm in the upstream direction, less than the bow shock stand-off distance of 1.2 mm. As will be shown below, stronger emission at the edges of the plasma does not affect spanwise uniformity of the bow shock perturbation produced by the discharge. Figure 9 shows a typical N 2 (C
III. RESULTS AND DISCUSSION
emission spectrum, as well as a best fit synthetic spectrum at the same flow conditions and pulse repetition rate as in Fig. 8 . The translational/rotational temperature inferred at these conditions, T ¼ 340 6 30 K, is 2011) approximately DT ¼ 50 K higher than the stagnation temperature behind the shock, T 0 % 290 K. The temperature inferred from the emission spectra did not show detectable dependence on the pulse repetition rate in the range of ¼ 100-400 Hz, which demonstrates that flow heating by an individual discharge pulse is basically independent of the previous pulse generated 2.5-10 ms earlier. Temperature inferred during actuator operation in a repetitive burst mode, at a pulse repetition rate of 100 kHz, burst repetition rate of 200 Hz, and with 3 pulses in each burst, is essentially the same, T ¼ 340 6 30 K. This shows that even on a short time scale, $10 ls, rapid convective cooling by the flow prevents cumulative heating of the near-surface plasma by multiple pulses. Figure 10 plots pulse voltage and current, as well as instantaneous power and energy coupled to the actuator in a nanosecond pulsed discharge in air flow at the conditions of Fig. 8. From Fig. 10 , it can be seen that voltage and current waveforms are somewhat complicated by multiple reflections of the incident pulse off the load (the actuator) and the plasma generator. As discussed in Sec. II, the voltage is measured between two transmission lines, one sending a positive polarity pulse and the other a negative polarity pulse of the same amplitude and width. The primary pulse peak voltage and current are 28 kV and 73 A, respectively, with voltage pulse width (full width at half maximum, FWHM) of approximately 5 ns and peak power of 1.8 MW (see Fig. 10 ). The first reflected pulse (i.e., the pulse formed after the incident pulse is reflected once off the load and the plasma generator) can be seen in the voltage waveform approximately 40 ns after the primary incident pulse. In the instantaneous power waveform, the incident pulse and the first reflected pulse can be identified more clearly, with subsequent reflections becoming less well pronounced. It can be seen that the energy coupled to the actuator by the primary pulse and by the first reflected pulse is 3.8 and 1.9 mJ, respectively. After several reflections, the total energy coupled to the load reaches 7.3 mJ. Note that this measurement yields the total energy coupled to the actuator, including possible dissipation in the dielectric filling the gap between the buried electrode and the quartz tube, and thus represents the upper bound of energy coupled to the plasma in the surface discharge.
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The results of voltage, current, and coupled energy measurements during a repetitive burst mode operation (pulse repetition rate of 100 kHz, burst repetition rate of 200 Hz, with 2 pulses in each burst) are very close to the ones plotted in Fig. 10 . Although peak voltage during the second 
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Mach 5 bow shock control Phys. Fluids 23, 066101 (2011) pulse in the burst decreases from 28 to 25 kV (most likely due to residual ionization left from the first pulse), energy coupled to the actuator by the first pulse and by the second pulse are very close to each other, 7.8 mJ each. For each of the two pulses in the burst, energy coupled to the load by the incident pulse (i.e., without reflections) is approximately half of the total energy coupled by the pulse (after multiple reflections). The temperature in the plasma inferred from N 2 emission spectra is significantly lower than estimated from the pulse energy coupled to the actuator and the volume of the plasma ($5 mm Â12 mm Â 0.5 mm, see Figs. 7 and 8) . Note, however, that at the present conditions (air at T $ 300 K and estimated stagnation pressure behind the shock of P $ 30 Torr), N 2 second positive system emission decays fairly rapidly, by about an order of magnitude over $40 ns (Ref. 24) . If discharge input energy thermalization rate occurs on a longer time scale, the N 2 emission measurements would underestimate the peak temperature after the pulse. Figure 11 shows the effect of the nanosecond pulse DBD discharge on the bow shock standing in front of the model, shown from the top. The phase-locked Schlieren images in Fig. 11 are obtained in dry air at P 0 ¼ 370 Torr and pulse repetition rate of ¼ 300 Hz, using actuator A (with an asymmetric exposed electrode, see Fig. 3 ). On the left image, at time delay of t ¼ 0 ls (i.e., right after the discharge pulse), the shock wave structure does not exhibit a detectable difference from the baseline bow shock without the discharge. The baseline shock stand-off distance is 1.2 mm, with the spanwise length of about 1 cm, which is approximately 25% of the test section width of 4 cm. The spanwise extent of the bow shock is limited by the boundary layer growth on the side walls of the test section, consistent with predictions of a 3D compressible Navier-Stokes code. 20 On the right image, taken after a time delay of t ¼ 6 ls after the discharge pulse, an additional shock front is observed ahead of the baseline bow shock, with both shock fronts indicated by arrows in the figure. The additional shock front appears as a straight line parallel to the cylinder model axis, indicating a nearly uniform baseline bow shock perturbation by the discharge. Figure 12 plots Schlieren signal intensity profiles at the conditions of Fig. 11 vs distance from the stagnation point, for time delays of t ¼ 0, 2, 3, and 6 ls. These distributions are obtained from the Schlieren images such as shown in Fig. 11 by spatially averaging the signal over a 6.2 mm distance in the spanwise direction. In Figure 12 , x ¼ 0 mm corresponds to the stagnation point on the upstream side of the model. Intensity minima correspond to positive density gradient in the direction of the flow (to the right), i.e., compression waves. From Fig. 12 , it can be seen that at t ¼ 0 ls, the intensity minimum is located 1.2 mm away from the stagnation point, while at t ¼ 6 ls two local minima can be identified, at 1.2 mm and at 1.5 mm. These intensity minima, identified with arrows in Fig. 12 , correspond to the "double" shock front in Fig. 11 . At an intermediate delay of t ¼ 2 ls, a local intensity minimum (higher density perturbation) can also be observed near x ¼ À0.9 mm. It can be seen that this minimum propagates upstream (to the left), modulates the intensity profile of the baseline bow shock at t ¼ 3 ls, and causes its displacement upstream at t ¼ 6 ls.
This behavior is highlighted in Fig. 13 , which plots the difference of the phase-locked Schlieren signal from the baseline intensity distribution vs distance from the stagnation point. In Fig. 13 , positive and negative intensity differences correspond to compression and rarefaction waves, respectively. Intensity peaks at x > À0.2 mm are artifacts caused by the plasma emission near the DBD actuator surface, which is overlapped with the Schlieren signal. In Fig. 13 , the density perturbation propagating upstream can be clearly 
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Phys. Fluids 23, 066101 (2011) identified. Peak intensity locations at t ¼ 2, 3, and 6 ls are approximately at x ¼ À0.92, À1.33, and À1.47 mm, respectively. Note that the spatial resolution of the phase-locked Schlieren images is controlled by the pulse duration of the Schlieren light source, s ¼ 300 ns (see Fig. 6 ), and the wave speed, V $ 70-380 m/s (see Fig. 13 ), which at the present conditions corresponds to spatial resolution of approximately Dx $ Vs $ 0.02-0.12 mm. Figure 14 plots the location of the positive intensity difference peak shown in Fig. 13 vs time delay after the discharge pulse. In Fig. 14 , negative sign in the distance from the stagnation point used in Figs. 12 and 13 is omitted. Error bars shown are estimated from the intensity peak full width at half maximum (FWHM). Behind the baseline bow shock, indicated by a dashed line at x ¼ 1.2 mm, the compression wave propagation velocity was estimated from two locations of the intensity peak at t ¼ 1.0 and 2.0 ls, V P ¼ 375 6 20 m/s. This corresponds to an estimated Mach number of M % 1.1, assuming that stagnation temperature behind the bow shock is the same as stagnation temperature in the nozzle plenum, T ¼ 290 K, or M % 1.0 assuming that stagnation temperature behind the shock is the same as the temperature inferred from N 2 emission spectra in the plasma, T ¼ 340 K.
The compression wave is generated most likely due to energy thermalization (localized heating) in the surface DBD plasma. For a strong compression wave to form, energy thermalization in the plasma needs to occur on the time scale shorter that the acoustic time scale, s acoustic $ d/a $ 1.5 ls, where d $ 0.5 mm is the thickness of the near-surface plasma layer (see Fig. 8 ) and a $ 0.3 mm/ls is the speed of sound. Kinetics of rapid energy thermalization in nitrogen and air plasmas was analyzed by Popov. 25 However, detailed kinetic mechanism of this process in a wide range of reduced electric fields remains not fully understood. After the compression wave produced by the discharge pulse approaches the baseline bow shock, the intensity peak (density perturbation) continues moving upstream of the bow shock, although at a significantly lower velocity of V S ¼ 67 6 12 m/s, and reaches x ¼ 1.47 mm at t ¼ 5 ls after the discharge pulse, which corresponds to approximately 22% stand-off distance increase. At t > 6 ls, the shock front starts moving downstream until it returns back to the baseline location. Increase of shock stand-off distance at t ¼ 3-6 ls is most likely driven by pressure increase during arrival of the compression wave generated by the discharge pulse. Figure 15 shows a collage of phase-locked Schlieren images (showing side view of the flow over the cylinder model) taken at different time delays after the discharge pulse. These images are taken in dry air ay P 0 ¼ 370 Torr, using actuator B (symmetric exposed electrode configuration, see Fig. 3 ) at a pulse repetition rate of ¼ 200 Hz. In the top row of images, taken at time delays of t ¼ 0 ls to t ¼ 6 ls, a compression wave originating near the actuator surface and propagating upstream, toward the bow shock, can be detected. Note that the extent of the compression wave 1 ls after the discharge pulse (see Fig. 15 ) approximately matches the size of plasma emission region near the surface of the cylinder model, approximately 5 mm wide from the stagnation line in the azimuthal direction (see Fig.  8 ). The compression wave reaches the baseline bow shock at t ¼ 3 ls, after which the shock stand-off distance in the region near the stagnation streamline increases (at t ¼ 4-6 ls). In the top row images, the location of compression wave front (at t ¼ 1 and 2 ls) is indicated with arrows, and the extent of the perturbed bow shock (at t ¼ 4-6 ls) are indicated with arrows.
To illustrate the interaction between the compression wave generated by the discharge pulse and the bow shock in greater detail, the middle and the bottom row in Fig. 15 show contour plots of Schlieren signal intensity difference from the baseline case. These images are obtained by subtracting the phase-locked Schlieren images at t ¼ 0-17 ls from the phase-locked Schlieren image at t ¼ 0, to improve contrast. In these images, both the compression wave generated by the discharge and the baseline bow shock perturbation can be identified more clearly. Again, it can be seen that 
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Mach 5 bow shock control Phys. Fluids 23, 066101 (2011) the bow shock is not perturbed until the compression wave, originated near stagnation point, reaches the bow shock approximately at t ¼ 3 ls. After the shock stand-off distance in the region near the stagnation streamline reaches maximum at t ¼ 5 ls, it begins to decrease, as can be seen in the bottom row images taken at t ¼ 7-17 ls. At the same time, the peripheral part of the bow shock (the "wings" located further away from the stagnation streamline) bends upstream to reduce the shock front curvature. Note that at t ¼ 17 ls, the stand-off distance on the stagnation streamline becomes somewhat lower than at steady-state baseline conditions. Figures 11-15 demonstrate Mach 5 bow shock perturbation by low-temperature, nanosecond pulse, surface DBD discharge plasma operated at low pulse repetition rates (a few hundred Hz), i.e., essentially in a single-pulse regime on a flow time scale (s flow $ D/u $ 6 mm/600 m/s $ 10 ls, where D ¼ 6 mm is the cylinder model diameter). To demonstrate feasibility of bow shock control by nanosecond DBD discharge in a quasi-continuous mode, the discharge needs to be repetitively pulsed on the flow time scale, i.e., at $100 kHz at the present conditions.
To demonstrate quasi-continuous mode bow shock flow control, the nanosecond pulse discharge was operated in a repetitive burst mode, at a pulse repetition rate of 100 kHz, burst repetition rate of 200 Hz, with two pulses in a burst. Figure 16 shows a collage of images plotting phase-locked Schlieren signal intensity difference from the baseline (t ¼ 0) case, at time delays of t ¼ 1-24 ls. As before, these images are taken in dry air at P 0 ¼ 370 Torr. The discharge pulses are generated at t ¼ 0 and 10 ls. During this "double-pulse" 
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Phys. Fluids 23, 066101 (2011) burst mode operation, the discharge emission appears brighter and the region occupied by the plasma becomes somewhat larger. This region appears as a crescent-shape structure in the images in Fig. 16 . From Fig. 16 , it can be seen that compression wave propagation upstream, baseline bow shock stand-off distance increase with subsequent reduction, and bow shock bending away from the model, appear very similar to the "single pulse" mode shown in Fig. 15 , until t ¼ 12 ls. At t ¼ 14 ls, the second compression wave generated by the second discharge pulse at t ¼ 10 ls approaches the bow shock, which again results in shock stand-off distance increase. At t ¼ 16 and 18 ls, bow shock perturbations caused by the first discharge pulse (in the region away from the stagnation streamline) and by the second discharge pulse (near the stagnation streamline) can be distinguished most clearly. At longer delay times, the shock relaxes to the original baseline shape, with the "wings" bent away from the model, similar to what is observed in the "single pulse" mode in Fig. 15 . Similar to Fig. 14, Fig. 17 plots the location of peak Schlieren signal intensity difference vs time delay after the first discharge pulse, obtained from the images in the top row of Fig. 16 . As in Fig. 14 , baseline shock stand-off distance (at t ¼ 0) is located at x ¼ 1.2 mm. The compression wave generated by the first discharge pulse arrives at the bow shock front location approximately at t ¼ 3 ls, and bow shock stand-off distance increases to x ¼ 1.51 mm at t ¼ 5 ls, which corresponds to approximately 26% increase. The compression wave propagation velocity behind the bow shock is V P ¼ 370 6 15 m/s at t ¼ 1.0-2.5 ls, which is in good agreement with the compression wave velocity in the "single-pulse" mode (see Fig. 14) . Shock velocity at t ¼ 3-6 ls is V S ¼ 92 6 12 m/s, which corresponds to the shock Mach number increase up to M S ¼ 5.2, from the baseline value of M S ¼ 4.6. Note that the shock velocity inferred from the side view Schlieren images of Fig. 16 is approximately 40% larger than shock velocity inferred from the data points in Fig. 15 . The differences in the shock velocity, as well as in the maximum shock stand-off distance may well be due to somewhat different actuator geometries (actuators A and B) 
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Mach 5 bow shock control Phys. Fluids 23, 066101 (2011) used in the "single-pulse" and in the "double-pulse" operated modes. Figure 18 shows percentage increase in the bow shock stand-off distance, compared to baseline, during the "double pulse" mode operation discussed in Fig. 16 . Again, nanosecond discharge pulses are generated at t ¼ 0 and 10 ls. It can be seen that shock stand-off distance peaks twice, first at t ¼ 5 ls (26% increase) and again at t ¼ 14 ls (25% increase). The results of Figs. 16 and 18 demonstrate significant control authority achieved in a Mach 5 flow by the nanosecond pulse surface dielectric barrier discharge operated at a high pulse repetition rate, i.e., at the conditions approaching quasi-continuous bow shock control.
IV. SUMMARY
The present work demonstrates Mach 5 bow shock perturbations by low-temperature, nanosecond pulse, surface dielectric barrier discharge operated both single-pulse and at a high pulse repetition rate (100 kHz), showing potential for significant hypersonic flow control authority. A diffuse nanosecond pulse discharge was generated in a DBD actuator on a surface of a cylinder model placed in air flow in a supersonic test section. Discharge energy coupled to the actuator is 7.3-7.8 mJ/pulse. Plasma temperature inferred from N 2 emission spectra is only a few tens of degrees higher than flow stagnation temperature, T ¼ 340 6 30 K, both in a single-pulse mode and in a repetitive three-pulse burst mode. Phase-locked Schlieren images are used to detect compression waves generated by individual nanosecond discharge pulses near the actuator surface. The compression wave propagates upstream toward the baseline bow shock standing in front of the cylinder model. Interaction of the compression wave and the bow shock causes its displacement in the upstream direction, thus increasing shock stand-off distance by up to 25%. The compression wave speed behind the bow shock and the perturbed bow shock velocity are inferred from the Schlieren images. The effect of compression waves generated by nanosecond discharge pulses on shock stand-off distance demonstrated in a single-pulse regime (at pulse repetition rates of a few hundred Hz) and in a quasicontinuous mode (using a two-pulse sequence at a pulse repetition rate of 100 kHz). At higher static pressures, similar effect on the bow shock is likely to be achieved at lower actuator powers. Increasing the flow number density would accelerate the rate of input energy thermalization in the plasma, 24 thus increasing the resultant compression wave strength and improving control authority.
The main difference of the present approach from supersonic flow control using high-power lasers and arc discharges is that the flow field is modified by rapid localized energy coupling (on sub-microsecond time scale) in a lowtemperature nanosecond pulse discharge plasma on the surface of a model, operated at a high pulse repetition rate, with subsequent compression wave formation. The main advantages of this approach are that nanosecond pulse surface DBD actuators can operate at low power budget, 0.1-1.0 mJ/ cm, and fairly low temperatures, not exceeding a few hundred degrees Kelvin, 5, 6 scalable to large dimensions, up to $1.5 m (Ref. 6) , and simple in operation.
Although the focus of the present work is on bow shock forcing, we believe that maximum effectiveness of nanosecond pulse DBD actuators for supersonic and hypersonic flow control can be achieved by inducing flow instabilities by operating near instability frequencies, with their subsequent amplification by the flow. This mechanism has been previously demonstrated in compressible jet flows forced by repetitively pulsed LAFPA (Refs. [7] [8] [9] [10] [11] [12] . Recently, the effect of a thermal perturbation pulsed at a 100 kHz on stability of a supersonic (Mach 1.5) flat plate boundary layer was analyzed by Yan and Gaitonde. 26 They have shown that nonlinear dynamic interaction among vortices generated by the repetitive flow forcing causes dramatic growth of disturbances downstream of the perturbation region. These results suggest that rapid localized heating generated by repetitively pulsed nanosecond DBD plasma actuators can be used as an effective supersonic flow control mechanism in boundary layers and shear layers. Potential applications of this approach include modulation of supersonic laminar-turbulence transition, control of shear layer instability, as well as control of shock-shock and shock-boundary layer interaction.
